Introduction {#s0001}
============

Chronic wasting disease (CWD) is a transmissible spongiform encephalopathy, or prion disease, of deer (*Odocoileus virginianus and O. hemionus*), elk (*Cervus elaphus*) and moose (*Alces alces*). First identified in 1967 in a wildlife research center in Colorado, CWD is the only prion disease enzootic to wild animals.[@cit0001] Transmission of CWD can occur directly, animal to animal,[@cit0002] or indirectly through the environment.[@cit0003] Contamination of the environment can occur by deposition of bodily fluids[@cit0004] or by decay of infected carcasses.[@cit0003] Ingestion or inhalation of contaminated soil particles can also lead to disease transmission.[@cit0007]

Each year the number of states reporting incidences of CWD in captive or wild cervid populations increases. Currently, 21 states have been affected (<http://www.cwd-info.org/index.php/fuseaction/about.map>). In some regions the spread has been contiguous, such as that seen in Colorado, Wyoming, and Nebraska. Other incidences are far removed from known CWD-positive foci. The mechanisms for this expansion are unclear, and likely vary by circumstance. Several human behaviors, such as movement of captive cervids[@cit0009] and the dumping of CWD-positive carcasses from hunter kills in CWD-negative regions,[@cit0010] have likely contributed to the expansion, but may not explain all incidences.

The role scavengers play in the spread of the disease has been evaluated primarily from a cross-species transmission aspect.[@cit0011] A wide variety of avian and mammalian scavenger species have been documented to feed upon deer carcasses and gut piles.[@cit0012] The array of tissues that contain CWD include brain, eyes, lymph nodes, neural tissue, heart, spleen, and muscle,[@cit0013] and are all readily accessible in both carcasses and gut piles. Common scavengers from CWD-enzootic areas (raccoons (*Procyon lotor*), opossums (*Didelphis virginiana*) and coyotes (*Canis latrans*)) have been evaluated for the presence of CWD in their tissues, but no evidence of CWD was detected, suggesting that they do not play a direct role in transmission or become infected.[@cit0011] They may, however, play a more indirect role. Recent work demonstrated that infectious mouse-adapted scrapie prions could be viably passed in the feces of crows (*Corvus brachyrrhynchos*) after ingestion.[@cit0010] Deposition of infectious feces from scavengers could then be another unexplored mode for environmental contamination. Mammalian scavengers, such as coyotes, are of particular interest in western states such as Colorado and Wyoming, where there are both a high number of CWD-infected deer and elk, and coyotes.

Coyotes are opportunistic and widespread carnivores found throughout much of North America and everywhere CWD is enzootic in the wild.[@cit0018] Their diet is composed primarily of rodents and lagomorphs, however, diet composition can vary seasonally and by geographical location and include ungulates.[@cit0019] For example, coyotes in the Black Hills of South Dakota feed preferentially on white-tailed deer (*Odocoileus virginianus*) throughout the year, with the highest consumption occurring (72%) in the winter.[@cit0021] In addition to predation, coyotes will opportunistically forage on carcasses and entrails left by human hunters.[@cit0022] Both predation and scavenging exposes coyotes to CWD in affected regions.

Little is known about the degradation of CWD-infected tissue and infectivity after passage through the gastrointestinal tract of mammalian scavengers. In this study we investigated the potential for coyotes to translocate infectious CWD prions, via feces, after oral consumption of CWD-infected elk brain, utilizing a cervidized transgenic mouse bioassay.

Methods and Materials {#s0002}
=====================

Coyotes {#s0002-0001}
-------

All procedures involving animals were approved by the Institutional Animal Care and Use Committee at the USDA National Wildlife Research Center in accordance with the USDA Animal Welfare Act Regulation. CFR, title 9, chapter 1, subchapter A, parts 1-4. Six coyotes, 2 males and 4 females, was transported from the National Wildlife Research Center (NWRC) field station in Logan, Utah to the NWRC headquarters in Fort Collins, Colorado. Upon arrival, coyotes were individually housed in outdoor kennels with den boxes for 3 weeks to allow time for acclimation. During this time, feces was collected from each coyote for pre-exposure controls and frozen at −80°C. Coyotes were given water *ad libitum* and were fed dry dog food once a day. Prior to initiation of the study, coyotes were given a small amount of CWD-negative elk brain homogenate to test for palatability. The coyotes readily ate the homogenate when housed in their outdoor enclosures.

Two coyotes were placed in the control group and remained in their outdoor kennels, while the remaining 4 were transported to indoor wire runs ([**Table 1**](#t0001){ref-type="table"}). After DPI 5 fecal collection, coyotes were sedated intramuscularly with ketamine and xylazine, then euthanized intravenously with euthanasia solution. Complete necropsies were conducted, and the brain and lymph nodes placed in 10% buffered formalin. TABLE 1.Coyote number, sex, age and treatment groupCoyote NumberSexAge (yrs)Treatment Group132Male6CWD Negative Brain134Female10CWD Negative Brain133Male10CWD Positive Brain135Female2CWD Positive Brain136Female6CWD Positive Brain137Female2CWD Positive Brain

Inoculum Preparation {#s0002-0002}
--------------------

CWD-negative and positive 10% elk brain homogenates (wt/vol) were prepared using 1X phosphate buffered saline (PBS) (Invitrogen) in a blender, then aliquoted into 50 ml volumes and stored at −80°C until needed. The CWD-negative elk brain was an archived sample from a captive cull and the CWD-positive elk brain was an archived sample from a terminally ill captive elk. The CWD status of the elk brains was verified by Western blot as previously described.[@cit0008] CWD-negative brain was prepared first in a new blender, then the CWD-positive inoculum was prepared.

Oral Inoculation {#s0002-0003}
----------------

After being moved indoors for biosecurity reasons, treatment coyotes were given an acclimation period of 2 days before the start of the experiment. Dry diet was removed 12 hours prior to introduction of brain homogenate inoculum. A 50 ml aliquot of elk brain homogenate (normal or infected) was thawed for each coyote and placed in a clean bowl and mixed with approximately 1 g of red glitter to help visualize passage time through the alimentary canal. Relocation from outdoor to indoor kennels affected the coyotes\' willingness to eat the brain homogenate. The addition of a small amount of diced raw chicken, or in one case, wet fish-flavored cat food was required to get them to eat. The afternoon after ingestion of the brain homogenate, they received dry dog food.

Feces Collection {#s0002-0004}
----------------

Feces from all coyotes was collected the morning following elk brain homogenate consumption and at 6 time points: one day prior to the initiation of the study, and for 5 consecutive days following inoculum ingestion. After collection, fecal samples were frozen at −80°C.

Feces Protein Misfolding Cyclic Amplification (PMCA) {#s0002-0005}
----------------------------------------------------

A 10% fecal homogenate was generated with 200 mg of feces placed into a 1.5 ml tube with 2.5 mm glass beads (BioSpec), and 1 ml of PMCA buffer (150 mM NaCl, 4 mM EDTA, in 1X PBS), then homogenized in a Blue Bullet homogenizer (Next Advance) for 2-4 min. Once homogenized, samples were centrifuged at 12,000 rpm for 20 sec, then 600 µl of supernatant was removed and mixed with 600 µl of the above PMCA buffer with 2% triton-X (Sigma Aldrich) added. Samples were mixed well and shaken on a heat block at 37°C for 20 min at 800 rpm, then centrifuged for 5 min at 2000 rpm. Supernatant was removed and stored at −80°C. To help develop an appropriate bioassay design, fecal samples were assessed for proteinase K resistance, a marker for infectivity, by PMCA as previously described by Pulford, *et al*.[@cit0005] Amplified samples were visualized by western blot as previously described.[@cit0025]

Coyote Immunohistochemistry {#s0002-0006}
---------------------------

At necropsy, retropharyngeal and mesenteric lymph nodes were preserved in 10% buffered formalin. One week after collection, tissues were placed in plastic cassettes and allowed to fix for an additional 2 days. Tissue slices 5 µm thick were mounted on positively charged glass slides (Fisher Scientific) for visualization and evaluation.[@cit0026] Antigen retrieval with formic acid and hydrated autoclaving was performed prior to visualization of PrP^CWD^, a biomarker for CWD, by staining with F99/97.6.1 antibody. Following antibody, slides were by incubated with alkaline phosphatase-conjugated anti-mouse IgG secondary antibody and visualized using an automated immunostainer and an alkaline phosphatase red kit (Ventana). Slides were counterstained for 4 minutes with hematoxylin at 37°C. PrP^CWD^ was visualized as brownish granular staining.

TG12 Transgenic Mice {#s0002-0007}
--------------------

To test the infectivity of the coyote feces, a transgenic mouse bioassay was conducted in which 77 transgenic cervidized TG12 mice of both sexes, between 2 and 5 months of age, were inoculated intracerebrally with coyote feces homogenate at 4 time points: 1- prior to ingestion of inoculum, 2- one day after ingestion, 3- two days after ingestion, 4- three days after ingestion ([**Table 2**](#t0002){ref-type="table"}). TG12 transgenic mice were generated as previously described,[@cit0027] and express the elk prion protein at twice the level of mouse prion protein in the FVB background strain. TABLE 2.Transgenic mouse bioassay results. The number of mice that died from CWD/total number of mice intracerebrally inoculated per group with coyote feces. Pre-ingestion indicates fecal samples collected prior to oral ingestion of CWD-positive elk brain homogenate, and days 1, 2, and 3 after ingestion. Day 1 post-ingestion resulted in 23% of the mice becoming terminally ill, day 2, 38% and day 3, 38%Coyote NumberCWD StatusPre-IngestionDay 1 Post IngestionDay 2 Post IngestionDay 3 Post Ingestion132Control0/30/30/30/3134Control0/30/30/30/3133CWD0/31/30/40/4135CWD0/30/40/40/4136CWD0/30/33/43/3137CWD0/32/23/42/2

Feces Preparation and Inoculation of Transgenic Mice {#s0002-0008}
----------------------------------------------------

A 10% fecal homogenate (wt/vol) was generated in the same fashion as the brain homogenate with the exception of utilizing DI water instead of PMCA buffer, with 100 units/mL penicillin and 100 µg/mL streptomycin (Invitrogen) added. Inoculum was allowed to incubate at room temperature for 30 minutes, then inoculum was sonicated in a 3000 MP water bath sonicator (Misonix) for 30 seconds at power 70 prior to intracerebral inoculation. Mice were anesthetized with isoflurane gas until unresponsive to toe pinch. An insulin syringe was employed to intracerebrally inoculate 30 µl of the feces inoculum, 3 mm deep through the coronal suture, 3-5 mm lateral of the sagittal suture.

When mice presented with severe ataxia or reached 405 DPI they were euthanized.

Results {#s0003}
=======

Coyotes {#s0003-0001}
-------

Both control coyotes, and coyote \#135 readily ate the brain homogenate. Two others consumed the homogenate after mixing it with a small amount of diced raw chicken and the fourth after mixing the homogenate with a tablespoon of fish-flavored wet cat food.

Treatment coyote \#137 did not defecate on days post inoculation (DPI) 2, therefore the data reflects feces from DPI 3 and 4. Red glitter was utilized to give a general idea of the passage time from ingestion to defecation and was observable in feces on DPI 1 and 2.

Protein Misfolding Cyclic Amplification (PMCA) {#s0003-0002}
----------------------------------------------

To ascertain the appropriate number of days of feces collection to test in the transgenic mouse bioassay, PMCA was conducted to amplify minute levels of PK-resistant prions from the coyotes feces from each of the 6 collection time points. All fecal samples collected prior to ingestion were negative after 6 rounds of PMCA, as were all of the samples from coyotes in the control group (data not shown). The four coyotes fed CWD-positive brain homogenate had prion amplification on DPI 1, and only one coyote, \#137, had amplification on DPI 2. No signal was detected in DPI3-5 (data not shown). Based on this information, the bioassay was designed to assess feces from DPI 1-3.

Coyote Immunohistochemistry {#s0003-0003}
---------------------------

Immunohistochemistry for protease-resistant prions was conducted on head and mesenteric lymph nodes from the study coyotes to look for residual inoculum, and no evidence of CWD prions was detected in the tissues ([**Fig. 1**](#f0001){ref-type="fig"}). Figure 1.Coyote lymph node immunohistochemistry. Images are a representation of findings. (**A**) CWD-positive control elk retropharyngeal lymph node. Control coyote (**B**), and treatment coyote (**C**), retropharyngeal lymph node. 20X magnification.

Transgenic Mouse Bioassay {#s0003-0004}
-------------------------

The transgenic mouse bioassay revealed that feces from coyotes fed infectious brain material could pass infectivity for at least 3 days after ingestion. Mice were euthanized at the presentation of severe ataxia, and disease was confirmed by western blot (data not shown). Several mice proved to be transgenic knockouts when their genetics were rechecked at the end of the study. As a results, these mice were excluded from results as they do not become sick in the absence of the prion protein. No mice became sick after being inoculated with pre-exposure feces. Half of the 4 coyotes fed infectious elk brain homogenate passed infectivity on DPI 1, 2 and 3. It is interesting to note that passage of infectivity varied greatly between animals, with one animals passing disease on only DPI 1, while one only began to pass infectivity on DPI 2 and 3, one coyote passed infectivity on all 3 days, however, this animals did not defecate on DPI 2 and feces collected represents 3 and 4 days after ingestion. And finally, one coyote, did not pass infectivity on any of the days ([**Table 2**](#t0002){ref-type="table"}, [**Figure 2**](#f0002){ref-type="fig"}). Figure 2.Transgenic mouse bioassay of coyote feces. All control mice and mice inoculated with feces collected prior to ingestion of CWD-positive elk brain remained disease-free for the duration of the study. Deaths occurred in all of the DPI tested, however, disease penetrance was incomplete. Mice inoculated with DPI 3 feces lived slightly longer than DPI 1 and 2. Each DPI group represented above combines survival times of mice from each of the study coyotes.

No significant difference was seen in mouse survival times between DPI 1, 2, and 3 (one way ANOVA, *p =* 0.1212), however, the study mice lived significantly longer (Student\'s T-test, *p=* \<0.0001) than the documented time after IC inoculation with a 1:100 dilution of infected elk brain (118 ± 6 DPI), suggesting a lower infectious dose present in the fecal samples.[@cit0027] The study mice lived an average of 214 days, with a large variability in survival days (± 87 days).

Discussion {#s0004}
==========

The continued spread of CWD is of concern to the health of both wild and captive cervid populations. Indirect transmission through the environment has been demonstrated in captive animals living in paddocks where CWD-positive animals had lived,[@cit0003] and is a particular challenge due to the long persistence of CWD within the environment.[@cit0007] Infectious material can be deposited in the environment by the decay of infected carcasses, from urine, feces, and saliva,[@cit0005] and the spread of infected material may be aided by scavengers and predators. In this study we illustrated the ability of coyotes to pass infectivity in their feces after the ingestion of CWD-infected brain homogenate.

Coyotes have the ability to travel significant distances. This distance, however, is based upon social structure, which is generally placed in 2 categories; resident or transient.[@cit0030] Resident animals are those that utilize a specific territory and are comprised of a mated pair and sometimes pups from a previous year, while transient animals are individuals that are nomadic, more commonly male, and have no affinity for a specific territory.[@cit0030] In a study evaluating the range of coyotes in southern Colorado, transient animals, which represented 22% of the population, ranged over 106.5 ± 27 km^2^, versus resident groups which ranged over 11.3 ± 5.8 km.[@cit0002] Transient coyotes are therefore provided an opportunity to translocate disease to previously CWD-negative localities.

Control coyotes readily consumed the homogenized elk brain. Of the treatment coyotes, which were moved indoors 2 days prior to the initiation of the study, only one (\#135) immediately ate the brain homogenate. The other coyotes required supplementation with diced, raw chicken, or fish-flavored soft cat food. Although the numbers are too small to come to any definitive conclusions, it is interesting to note that the coyote that ingested the brain homogenate without chicken or cat food supplementation did not appear to transfer infectivity to any of the mice in the bioassay. Neither age nor sex appeared to have any effect on fecal shedding. However, it is possible that individual variation within the stomach environment, such as pH and flora could have influenced the passage of the infectious prions through the gastrointestinal tract.

Our experimental design was based on detection of CWD in coyote feces by PMCA prior to initiation of the bioassay. PMCA was able to repeatedly detect the presence of proteinase K-resistant prions signal in feces from DPI 1, so the bioassay was designed to evaluate feces for 2 days following, to account for any uncertainty in prion detection in feces. Results from the bioassay showed transmission of disease to 2/4 mouse groups in DPI 3, suggesting that infectivity may continue to be present in the feces more than 3 days after ingestion. We were unable to go back and increase the bioassay to include DPI 4 and 5, due to logistical reasons.

The 50 mL oral dose ingested by coyotes in this study was comprised solely of infected brain tissue and represented a high dose. In the wild, coyotes would opportunistically consume a wide variety of tissues from a kill or scavenged deer or elk carcass, likely making their actual ingested infective dose much smaller. This study was not designed to mimic a naturally consumed dose of CWD, but rather as a proof of concept to determine if infectivity could pass into coyote feces. The passage of disease in feces is a common route of translocation for many viral, bacterial and parasitic diseases.

The results of this bioassay indicate that infectious CWD prions are able to be passed in the feces of coyotes fed infected elk brain homogenate for at least 3 DPI, making them a potential vector for CWD prion transport and contamination within the environment.
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[^1]: Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/kprn.
